H ospital-acquired infections are an increasingly prevalent and costly problem. 28 Surgical site infection (SSI) is a hospital-acquired infection causing significant morbidity, mortality, and added cost of care. 15, 19, 22, 28 Although SSI itself is considered an undesired surgical complication, subsequent SSI-related adverse events such as bloodstream infection, septic shock, readmission, or reoperation are potentially more harmful than the SSI itself. The gravity of SSI, especially when considering the potential preventability of the infection, should be understood in the appropriate context of its later consequences.
shunt pediatric neurosurgery at single centers, 8, 9, 18, 21, 30, 32 no studies have investigated multicenter nonshunt SSI outcomes. Due to potential variation in SSI rates by center and/or surgeon, analysis of multicenter data on SSI and its associated morbidity is needed. Furthermore, comparison of rates of SSI-associated complications by severity of SSI (e.g., deep or superficial infection) have been performed previously, although not specifically in pediatric neurosurgery. 7, 16 The primary goal of the current study was to review the associated acute morbidity of 30-day SSI following nonshunt pediatric neurosurgical procedures using a nationwide, validated, multicenter data set. A secondary goal of this study was to compare rates of SSI-associated complications by SSI subtype (deep/organ space vs superficial).
Methods

Data Source and Reliability
Our previous work has described the data source and its reliability in detail. 24, 25 Briefly, the American College of Surgeons National Surgical Quality Improvement Program-Pediatric (ACS NSQIP-P) is a clinical patient database comprised of surgical case from over 50 children's hospitals primarily in the United States.
2-4 Each NSQIP-P site has an ACS-trained and -certified data abstractor; interrater disagreement rates are approximately 2% according to an ACS audit. [2] [3] [4] Cases are sampled randomly on alternating 8-day cycles to ensure a random case distribution and to limit data abstractor workload. For more details regarding NSQIP-P, please reference the ACS NSQ-IP-P user guide files. [2] [3] [4] The institutional review board (IRB) of the University of Alabama at Birmingham does not require IRB approval for mining the NSQIP-P data set because NSQIP-P data are deidentified and HIPAA (Health Insurance Portability and Accountability Act) compliant. 29 For additional patient privacy protection, facility identifiers are not included in the NSQIP-P data set.
Data Acquisition and Variables of Interest
We used similar methodology to our previous work for data acquisition. 24, 25 Briefly, the 2012, 2013, and 2014 ACS NSQIP-P participant use files were queried for patients treated by a pediatric neurosurgeon. Procedures were categorized by Current Procedural Terminology (CPT) code into the following categories: spine, craniotomy for neoplasm, Chiari decompression, craniosynostosis, myelomeningocele (MMC) closure, epilepsy, skin lesion, and other (baclofen pump placement or removal procedures comprised more than 80% of this category). This categorization method is similar to that used in our previous work. 24, 25 Epilepsy procedures were not included in NSQIP-P until 2014. Shunt/ventricular catheter procedures were excluded from the analysis. Trauma cases (e.g., hematoma evacuation), transplantation cases, and cases with patients younger than 18 years at the time of the procedure are not included in NSQIP-P.
Surgical site infection in NSQIP-P is coded as 3 different subtypes according to CDC definitions: superficial incisional SSI, deep incisional SSI, and organ/space SSI. 17 Superficial SSI is coded in NSQIP-P if any of the following is true: the superficial area of the surgical wound has purulent drainage, organisms are isolated from an aseptically obtained wound culture, one or more of the signs or symptoms of superficial SSI are present (pain/tenderness, localized swelling, erythema, heat; not a valid criterion if wound cultures are negative), or SSI is diagnosed by an attending physician or surgeon. Deep SSI is coded in NSQIP if at least one of the following is true: the deep area of the surgical wound has purulent drainage (wounds with both superficial and deep drainage are coded as deep SSI); an abscess of the deep surgical wound space is found by radiographic imaging modalities, physical examination of the surgical wound, reoperation for wound exploration or debridement, or by histopathologic modalities; one or more of the signs/symptoms of deep SSI are present with concurrent spontaneous wound dehiscence (fever > 38°C, localized pain, tenderness; is not a valid criterion if wound cultures are negative); or SSI is diagnosed by an attending physician or surgeon. Organ/space SSI is coded in NSQIP-P if any of the following is true: purulent drainage is documented coming from a stab wound to the operative organ/ space, organisms are isolated from an aseptically obtained fluid or tissue culture of the organ/space, or organ/space SSI is diagnosed by an attending physician or surgeon. Organ/space SSIs relevant to neurosurgery that are explicitly mentioned in the NSQIP-P wound occurrences criteria include osteomyelitis, intracranial abscess, dural abscess, meningitis, ventriculitis, and spinal abscess. For more information regarding NSQIP-P SSI coding criteria, please refer to the NSQIP-P user guide files.
2-4 SSI subtypes were combined into a single categorical outcome variable (any SSI) and then further categorized into deep or superficial infection. Deep SSI and organ/space SSI were combined into one category (deep SSI) due to the unclear distinction between the two in neurosurgery and the high likelihood that NSQIP-P interrater agreement rates between deep and organ/space SSI for neurosurgery cases are variable.
Postoperative outcomes were tracked for 30 postoperative days and included urinary tract infection (UTI), pneumonia, bleeding requiring transfusion, unplanned reintubation, sepsis, wound disruption, readmission, reoperation, and death. Data on days to complication were also analyzed. For sepsis/septic shock/SIRS (systemic inflammatory response syndrome) to be coded, criteria for both pediatric SIRS and suspected/proven infection must be met. More specifically, at least one the following criteria must be met: abnormal body temperature (> 38°C or < 36°C), persistent tachycardia (or bradycardia for children younger than 1 year), persistent tachypnea, leukopenia or leukocytosis, and suspected or proven infection. Abnormal body temperature or leukocytosis and suspected/ proven infection must be present for sepsis to be coded. Septic shock was also included under sepsis and was defined as systemic sepsis (see previously listed criteria) with accompanying documented cardiovascular dysfunction. Preoperative sepsis was not included in postoperative sepsis coding unless a newly identified source of infection was identified postoperatively. For more information regarding NSQIP-P complication coding criteria, please refer to the NSQIP-P user guide files. [2] [3] [4] For time to event analysis, NSQIP-P data abstractors code the number of days to the SSI event by entering the earliest date at which one of the above SSI criteria was met. Time to postoperative outcomes is coded in a similar manner. For the purposes of this study, in which we seek to examine the consequences of SSI, infection was considered as occurring before or concurrent with the postoperative complication if time to SSI was less than or equal to the time to postoperative complications.
Statistical Analysis
NSQIP-P 30-day outcome variables were compared to determine association with any postoperative SSI occurrence, and also with deep or superficial SSI, via a chi-square test, an independent-samples t-test, or a MannWhitney U-test where appropriate. Contingency tables were created for all categorical variables to calculate relative SSI frequencies with subsequent calculation of corresponding odds ratios and 95% confidence intervals.
Variables were considered significant when p < 0.05. Statistical analysis was performed using SPSS version 23.0 (IBM Corporation).
Results
A total of 9296 nonshunt neurosurgical procedures performed on pediatric patients from 2012 to 2014 were identified in NSQIP-P. The overall 30-day SSI rate was 2.7%. The mean length of time between the index procedure and SSI development was 14.6 ± 6.8 days (± SD).
Procedural SSI Frequency
The distribution of SSIs by procedure category is displayed in Table 1 , with additional data on deep versus superficial SSI rates by procedure category. Spine procedures were the most common procedure in the NSQIP-P neurosurgical cohort (31% of all cases) followed by craniotomies for neoplasms (26%) and Chiari malformation (19%). Superficial SSIs occurred more frequently than deep SSIs overall (57.4% vs 42.6%). Deep SSIs were more likely after procedures for epilepsy or intracranial tumors. Superficial SSIs were more likely after skin lesion, spine, Chiari decompression, craniofacial, and MMC closure procedures. Table 2 contains data on adverse outcomes associated with any 30-day SSI. Outcomes that occurred after SSI and were significantly associated with SSI included wound disruption (12.4% in patients with SSI vs 1.1% in those without SSI), sepsis (15.5% vs 0.3%), hospital stay longer than 30 postoperative days (7.2% vs 1.2%), readmission within 30 days after the index procedure (36.7% vs 8.4%), and reoperation within 30 days of the index procedure (43.4% vs 5.2%). There were no recorded deaths at 30 postoperative days in patients with SSI. The effect size was greatest for sepsis (OR 61.4) and reoperation (OR 13.9) for rates of complications in patients with SSI versus patients without SSI. Time from SSI to complication is shown, with most complications occurring within approximately 1-2 days after SSI was documented; the exception was UTI, which occurred at a mean of 7 days post-SSI. Figure 1 displays data on postoperative time to SSI (Fig. 1 left) and postoperative length of stay by SSI subtype (Fig. 1 right) . There was no significant difference between deep and superficial SSIs with respect to time to SSI occurrence (p = 0.492). The postoperative length of stay was significantly longer for patients with deep SSIs than for those with superficial SSIs. Patients with any SSI had a significantly longer postoperative length of stay than patients without SSI (9.6 ± 14.8 days vs 4.7 ± 6.8 days, p < 0.001). There was significant variation in length of stay for patients with deep SSIs in particular, with an interquartile range of 3-21 days. The postoperative length of stay for patients discharged before SSI development, however, did not differ significantly between those with deep SSIs and those with superficial SSIs (4.2 ± 2.7 vs 3.6 ± 2.4 days, p = 0.094). Figure 2 displays data on absolute and relative rates of deep and superficial SSI over time. No significant differences were observed between years for absolute or relative rates of SSI. Superficial SSI rates were greater than deep SSI rates for all years analyzed.
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Discussion
Prior to this study, morbidity and mortality of nonshunt SSI in pediatric neurosurgery have not been examined in detail. We have identified rates of morbidity and mortality in patients with documented 30-day SSI following nonshunt pediatric neurosurgical procedures using a national clinical database. Thirty-day SSI is associated with significant 30-day morbidity in pediatric patients undergoing nonshunt neurosurgery. Rates of SSI-associated complications are significantly lower in patients with superficial infection than in those with deep infection. There were no cases of SSI-related mortality within 30 days of the index procedure.
SSI-Associated Morbidity
We observed significant morbidity in patients with SSIs, particularly in those with deep SSIs. For patients with any SSI, rates of sepsis, wound disruption, readmission, and reoperation were significantly greater than for patients without SSI. Furthermore, length of postoperative stay was significantly longer in patients with any SSI. These findings indicate that SSI is associated with significant acute morbidity and cost of care.
Rates of most complications were significantly greater for patients experiencing deep SSI than for those with superficial SSI. This finding is unsurprising given the relative severity of deep SSI and has been reported in previous studies.
7 Importantly, with the exception of epilepsy or intracranial tumor procedures, most nonshunt procedures were more frequently associated with superficial SSI than with deep SSI. Therefore, patients undergoing epilepsy or intracranial tumor procedures should be monitored closely for deep infection and its associated complication. These patients may benefit most from efforts targeted at SSI prevention. Authors of future studies on SSI outcomes should be cautious in reporting complications for a single SSI categorical outcome given the differences in deep versus superficial SSI. 7, 16 Sepsis was the most concerning medical complication of SSI, with SSI-related sepsis rates approaching 30% in the deep SSI group. However, it is important to recognize that although sepsis was only analyzed if it occurred after SSI, this does not necessarily imply causality; sepsis could have occurred as the result of an unrelated, non-SSI.
Nevertheless, efforts focused toward SSI prevention, particularly for deep infection, could have a profound impact on subsequent systemic infection development. Although no patients with SSI died in this cohort within 30 postoperative days, sepsis is one of the leading causes of death in children worldwide. 6 One study reported over 75,000 pediatric hospitalizations in 2005 involving severe sepsis, with an associated cost of $4.8 billion.
11 Pediatric sepsis, when severe, carries an average cost of more than $40,000 per case and a mortality rate greater than 10%. 5, 31 Furthermore, infections of the central nervous system have been shown to be second only to endocarditis for sepsisassociated mortality. 31 While it is not possible to discern how many cases of severe pediatric sepsis were due to SSI, even a small fraction of the aforementioned cases might have been prevented if SSI had not occurred, potentially leading to reduced cost of care, morbidity, and length of stay.
Return to System
Return to system for reoperation or readmission occurred frequently for both categories of SSI, highlighting the resource-intensive nature of caring for an SSI. Patients with deep SSI had much higher odds of needing another operation (OR 7.6 for reoperation vs OR 1.1 for readmission). Our previous study on readmission risk factors in pediatric neurosurgery found that SSI was the strongest risk factor for unplanned readmission, and this current work provides more evidence for SSI as a potentially preventable cause of readmission. 25 In one adult neurosurgical study, 73.9% of patients with SSI after undergoing surgery for intracranial tumors, chronic subdural hematomas, or reconstructive cranioplasty required reoperation.
1
Another study found that the top reasons for reoperation and readmission after pediatric spinal fusion surgery at a single institution included wound dehiscence, deep wound infection, and superficial wound infection; these findings are in agreement with our own.
12 Therefore, prevention of SSI could have a profound effect on reducing return to system after pediatric neurosurgery.
Cost of Care
Although the data in this study did not include cost of SSI treatment or subsequent care, it is important to discuss the implications of our data in the context of financial resources. We demonstrated a significant and substantial increase in rates of readmission, reoperation, and later complications for patients with SSI, particularly deep SSI. Furthermore, length of stay was substantially longer in SSI patients, with patients with deep SSIs having significantly longer postoperative length of stay than patients with superficial SSIs. Return to system, longer length of stay, and treatment for SSI-associated complications are expensive occurrences that could potentially be reduced with a reduction in SSI. One study showed that in 129 Veterans Affairs hospitals across the United States, adult neurosurgical patients had the highest SSI-related cost of care, with a risk-adjusted cost increase of $23,755 above patients without SSI. 22 Furthermore, the difference in riskadjusted cost for deep versus superficial SSIs was over $18,000 per event. Importantly, costs do not only accrue during the initial hospital stay; one study found that the total costs 8 weeks after discharge for adult patients with SSI was over $3000 more than costs for patients without SSI. 20 The authors attributed these costs to more outpatient visits, emergency department visits, readmissions, and home health services. Future study is warranted to evaluate SSI-associated costs in pediatric neurosurgery specifically.
Pertinent Negative Findings
The major negative finding of this study is the lack of mortality in any patient with SSI at 30 postoperative days. This is an encouraging negative finding, potentially providing evidence that medical care for patients with SSI may be effectively managing the more severe SSI-related complications, such as sepsis. However, follow-up beyond 30 postoperative days is not tracked in NSQIP-P. Given that SSI does not become apparent until a mean of 14 days after surgery, severe adverse events may not have time to occur in the 30-day follow-up period.
Study Limitations
The primary limitation of this study is the lack of follow-up for SSI and SSI-associated complications beyond 30 postoperative days. The results of this study, particularly regarding rates of SSI and complications after surgery regardless of follow-up window, are likely skewed due to underreporting of complications occurring more than 30 days postoperatively. There are no data in NSQIP-P regarding severity of postoperative complications, making our analysis insufficiently granular for many complications. NSQIP-P lacks information on specific subtype of deep SSI (e.g., meningitis, ventriculitis, intracranial abscess), causative organism, and culture site, all of which may affect the subsequent morbidity; previous studies have shown that different organisms cultured from SSIs result in different severity of morbidity.
10 The NSQIP-P data set lacks any information on costs associated with postoperative treatment or followup care, which is important to consider when investigating a potentially preventable outcome such as SSI. However, the costs of SSI have been studied thoroughly. 7, 20, 22, 23, 28 Facility identifiers are excluded from NSQIP-P for HIPAA reasons, meaning that outlier facilities could disproportionately affect rates of SSI and SSI-associated complications. There is likely underreporting of clinical infections that lack documented positive cultures, signs/symptoms, or physician diagnosis since Gram stain results and other CSF laboratory results alone do not meet NSQIP-P criteria for SSI coding. Epilepsy procedures were not included in the 2012-2013 data sets, meaning that the relative procedure frequencies for all procedure categories are likely skewed. Because NSQIP-P cases are randomly sampled in 8-day cycles, there is potential for sampling error if a substantial number of SSIs occurred in nonsampled cases.
2-4 NSQIP-P excludes trauma cases, presumably excluding a relevant portion of neurosurgery cases (e.g., hematoma evacuation).
Despite these limitations, this study may help pediatric neurosurgeons identify acute complications associated with SSI and help surgeons understand the extent of nonshunt SSI burden. Furthermore, the results of this study may help identify procedures with higher rates of deep infection, which are more likely to result in serious complications.
Conclusions
We have identified rates of acute morbidity associated with 30-day SSI after nonshunt pediatric neurosurgery using a national database. Acute SSI-associated morbidity following nonshunt procedures is significant, particularly regarding sepsis, wound disruption, longer length of stay, readmission, and reoperation. Deep SSI occurs less frequently than superficial SSI, yet deep SSI has significantly greater rates of many complications. Patients undergoing procedures for intracranial tumors and epilepsy are more likely to experience deep SSI and are therefore more likely to experience serious SSI-related complications. There was no SSI-associated mortality at 30 postoperative days in our study cohort.
The results of this study should be interpreted with caution due to the insufficiency of 30-day follow-up for capturing all SSIs and SSI-related complications. Furthermore, the lack of data on severity of NSQIP-P complications limits the thoroughness of our results. Despite these limitations, the data in this study illuminate the burden of SSI in the nonshunt pediatric neurosurgical population. Acute complications and return to system are significant for SSI patients, particularly those experiencing deep SSI.
